Blood ethanol concentrations were determined in 7 subjects during and subsequent to a 2-hr constant-rate intravenous infusion of ethyl alcohol (8% V IV
or in various combinations with several different food test meals. Recently, blood ethanol concentration-time data have been reported in studies involving the intravenous concentration of ethanol to human subjects by rapid infusion 2 • 4. 6, 7 and by constant-rate infusion over extended periods. 11-13. 23 Most of this work pertained to ethanol as an anesthetic agent. In this regard, Dundee and co-workers 2 -7 reviewed the literature in a historical accounting of alcohol anesthesia.
Traditionally, it has been assumed that the kinetics of elimination of ethanol from the blood of animals and human subjects can be described as zero order, i.e., independent of t The peak concentration achieved at the time that the infusion pump was turned off. ) the blood concentration (above about 2 to 3 mM or 0.09 to 0.14 mg/ml). This concept (zero order elimination), first postulated by Widmark,28 still persists 10, 19 despite several studies 8 , 14, 17, 21, 29 that suggest nonzero order elimination kinetics. Wagner and associates 27 reported substantial evidence that the elimination of ethanol from the blood of man obeys Michaelis-Menten kinetics and not zero order kinetics.
Schema I
The available data in the literature have two major shortcomings. These are: (1) the entire time courses of blood ethanol concentrations following oral administration were not measured, and generally only higher terminal blood ethanol concentrations, which appear to be pseudolinear, were reported-there is evidence that at lower concentrations the terminal blood alcohol time course becomes nonlinear 21 • 26. 27. 29; and (2) the entire concentration-time courses both during and after constant-rate intravenous infusion of ethanol have not been reported in similar detail; consequently, an appropriate pharmacokinetic model could not be elaborated. To correct these shortcomings, we undertook to provide data that would define the total time courses of blood ethanol concentrations, both during the 2-hr constant-rate intravenous infusion of ethanol and subsequent to the end of the infusion.
Methods
Protocol. Seven normal adult male volunteers between the ages of 21 and 54 and weighing between 70 and 86 kg, with normal vital signs and laboratory testing values, were selected. Two separate studies were performed. In the first, a single subject (70 kg) received 720 ml of an 8% V IV ethanol solution in normal saline and 720 ml of a 4% V/V ethanol solution in normal saline, both as 2-hr, constant-rate intravenous infusions, at l-wk intervals. In the second study, 720 ml of an 8% V /V ethanol solution in normal saline was infused in each of 6 subjects at a constant rate of 6 ml/min by a Harvard Peristaltic intravenous pump (Model 2671) over 2 hr. All subjects fasted from 10-hr prior to the start of the infusion until 1 hr postinfusion. No alcoholic beverages were consumed from 3 days preceding the infusions until the completion of the study. The total amount of ethanol infused in the first study was 57.6 ml and 28.8 ml, equivalent to 44.3 and 23.5 gm of absolute alcohol, for the 8% and 4% infusions, respec- 'Time intervals used to make initial estimates of Vm and Km for the fittings were 3-7.3-6.5,4.5-7.25,6-8.5,5-6.25, and 3.5-7 hr for Subjects I through 6, respectively.
t Area under the observed concentration-time curve estimated by trapezoidal rule.
:j: Model-predicted area under the concentration-time curve. §r' = [~C'-~(C-C)'l/~C'; Corr. = correlation coefficient for linear regression of C on c.
IIBracketed numbers are standard deviations of the estimated parameters.
tively. The doses (gm/kg) for the 6 subjects in the second study are listed in Table I . Eight to 10 capillary blood samples were collected just prior to and during the 2-hr infusion period with the last sample being taken at the exact time the infusion pump was turned off. Ten to 21 capillary blood samples were collected after the infusion pump was shut off, at strategic sampling times, to adequately define the total time course of blood ethanol concentrations. After lancing a fingertip, each sample was collected in a disposable calibrated capillary tube. The blood samples were mixed with equal volumes of internal standard solution in O.4-ml polypropylene test tubes. The samples from the first study were stored in the polypropylene test tubes in a refrigerator (4° C) until assayed. The samples from the second study were transferred to 6-rnl amber glass serum vials after mixing with the internal standard solution, and immediately refrigerated until assayed.
Analytical methods. Capillary blood samples (20 J.d) from the first study were analyzed for ethyl alcohol by a modification 22 of the direct injection technique reported by Wagner and Pate!. 26 Capillary blood samples of 50 JLL from the second study were assayed for ethanol according to the head-space gas chromatographic method of Wilkinson, Wagner, and Sedman.30 The analyses were performed on a Varian 2100 gas chromatograph equipped with flame ionization detectors. All samples were assayed on the same day that they were collected.
Analysis of experimental data. The area under the concentration-time curves from the first (single subject) study were calculated for both the 4% and 8% ethanol infusions. The blood alcohol concentration-time course from the 8% infusion in this study was used to determine appropriate sampling times for the second (6 subjects) study and to obtain information on the area-dose relationship in man following a constant-rate intravenous infusion.
Individual blood ethanol concentrations for the 6 subjects in the second study were fitted to the one-compartment open model with zero order input and Michaelis-Menten elimination kinetics shown in Schema I. With this model, the blood ethanol concentration, C, at any time during the infusion is described by Equation I, and by Equation 2 after the infusion ceases. 
I
In Schema 1 and Equations 1 and 2, kois the infusion rate (mg/hr), V is the volume of distribution of ethanol in the body (ml), V m is the maximal velocity [mg/(ml x hr)], and Km is the Michaelis constant [mg/ml] for the elimination of ethanol from the body. All the C, t data for each subject were fitted simultaneously by a numerical integration method, utilizing Equation 1 for "during the infusion" data and Equation 2 for "postinfusion" data. of V, V m, and Km were obtained and the area under the concentration-time curves from zero to T (the last sampling time) as estimated by trapezoidal rule was determined. This area is within about 1 % of the total area since concentrations were followed down to near endogenous levels.
The Wagner-Nelson method 25 modified for Michaelis-Menten elimination kinetics 26 (Equation 3) was applied to the concentration-time data for the 6 subjects to obtain independent estimates of the infusion rates. and Michaelis-Menten elimination kinetics is obeyed, then:
In Equation 3 , AT is the cumulative amount infused to some time T, V is the volume of distribution, ko is the infusion rate (massltime), C T is the blood ethanol concentration at time T, and V m and Km are the Michaelis-Menten parameters described above. A plot of AT/V vs T (while the infusion pump is on) gave a straight line for each subject with the slope equal to
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ko/V, the infusion rate divided by the volume of distribution of ethanol.
Results
Fig. I depicts observed capillary blood ethanol concentration-time data in the single subject during and following the constant-rate intravenous infusion of 2 different doses of ethanol. Figs. 2 and 3 show the observed concentration, time (C,t) data in the 6 subjects during and postinfusion of 720 ml of an 8% V /V solution of ethanol in physiological saline. Table I gives a summary of the body weights, gm/kg doses, areas under the C, t curves, and peak concentrations for the 6 subjects. Table  11 summarizes the means, standard deviations, and coefficients of variation for the 6 subjects at each sampling time during and subsequent to the infusion of ethanol.
The results of the pharmacokinetic analysis are given in Tables m through V. Table m lists the estimated parameters V m , Km, and V, along with measures of fit, and compares observed and model-predicted areas under the concentration-time curves. Table IV compares observed and model-predicted capillary blood ethanol concentrations in the 6 subjects. Table V provides a comparison of the ko/V values obtained from results of application of the modified Wagner-Nelson method and from the known infusion rate divided by the volume of distribution of each subject estimated in the simultaneous fittings.
Discussion
The concentration-time data in Figs 1 to 3 were characterized by the following trends:
(1) an abrupt decline in the one subject ( Fig.  1) and less abrupt declines in the other 6 subjects (Figs. 2 and 3 ) (apparently caused by distribution effects) in ethanol concentrations occurred immediately after the infusion ceased; (2) a pseudolinear phase starting shortly after the infusion pump was turned off, which persisted until ethanol concentrations decreased to about 0.20 mg/ml; (3) a curvilinear phase was present below ethanol concentrations of about 0.20 mg/ml; (4) the area under the ethanol concentration-time curve increased disproportionately with an increase in dose in the subject see Table Ill .
~
given the two doses. A 1.9-fold increase in dose (gm/kg) resulted in a 3.5-fold increase in area under th~ C, t curve when the 2 different doses of ethanol were administered to this single subject by constant-rate intravenous infusion. These findings suggest that the pharmacokinetics of ethanol in certain subjects (exemplified by the data in Fig. 1 20 attempted to analyze the data obtained following the two infusions (Fig. 1) to several multicompartmental models with limited success. Based on the fittings of the data from the 6 subjects in the second study (see Tables  III and IV) , the one-compartment open model with zero input and Michaelis-Menten elimination is an operationally useful model to describe the pharmacokinetics of ethanol (during and postinfusion) in man. However, it should be noted (Table IV) that the mode1-predicted concentrations are higher than the observed concentrations just after cessation of the infusion, suggesting multicompartmental disposition kinetics less pronounced in these 6 subjects than in the single subject (Fig. 1) .
The slope of the pseudolinear decline of the blood alcohol concentrations has been shown to be dose-dependent, such that the slope in-creases with an increase in dose. 27 • 29 The slope of the pseudolinear phase following the intravenous infusion of the 8% ethanol solution in the single subject was higher (p < 0.001) than the slope subsequent to the infusion of the 4% ethanol solution (see Fig. 1 ).
It has been assumed 9 , 18, 26 that alcohol distributes into total body water, which in the average man represents about two thirds of body weight. The estimates of V (in Table  Ill ) obtained in the computer fitting of these data averaged 42.7 L or 53.5% (range: 49.9 to 63. 1 %) of body weight. This panel of 8 subjects had an average body weight of 80.1 kg. In another study, 29 the estimated V was 44.1 L or 59.1% of the average body weight of a panel of 8 subjects (74.6 kg). Both of these estimates agree with values given for total body water, the estimates of which vary, depending on both age and body weight. 1 The infusion rate divided by the volume of distribution estimated via the modified WagnerNelson method, Table V) provided slightly higher estimates of ko/V (average: 5.5% error) compared with the known infusion rate divided by the volume of distribution estimated in the simultaneous computer fittings.
The average value of V m , 0.232 mg/(mg x hr), in Table Ill , is very close to the estimated value of 0.202 obtained by the fitting of all of the mean blood alcohol concentration data following the oral administration of 4 different doses of ethanol to 8 other fasting subjects in another study. These latter data were fitted to the one-compartment open model with Michaelis-Menten elimination kinetics and input into blood subject to feedback regulation of gastric emptying rate. The average value of Km, 0.0821 mg/ml, is almost identical to the estimated value of 0.0818 obtained in the same study. 29 
